Introduction
============

Bodily self-consciousness (BSC) is the sense of being a subject in a specific body (self-identification), of occupying a given spatial location (self-location), and it is thought to involve a first-person perspective (1PP), i.e. the experience that 'I' am directed at the world ([@niw006-B6]). Converging behavioral, neuroimaging, and clinical evidence suggests that BSC depends on the integration of multisensory bodily signals in the brain \[see [@niw006-B4] for review\]. However, while several studies investigated the neural bases of self-identification and self-location, the specific multisensory mechanisms of 1PP are poorly understood, perhaps because there is still a lack of experimental methods to induce systematic changes in 1PP under controlled conditions ([@niw006-B4]; [@niw006-B51]; [@niw006-B43]). Here, we investigate whether a fundamental aspect of the 1PP, its directedness upon the world, is affected by conflicting multisensory information about the direction of gravity.

Gravity, i.e. the constant linear attraction force by the earth's mass, is an absolute reference of the earth-vertical direction. In order to account for the effects of gravity in perception and action, the brain estimates the direction of gravity using internal representational models ([@niw006-B36]; [@niw006-B49]). These representations depend on the integration of vestibular, somatosensory, and visual inputs, resolving sensory ambiguities ([@niw006-B1]). Recent work also emphasizes the relevance of visual gravitational cues for the perception of self- and object-motion, as well as body orientation ([@niw006-B3]; [@niw006-B23]; [@niw006-B34]; [@niw006-B13]; [@niw006-B24]). For instance in microgravity, i.e. in the absence of gravity during parabolic or space flights, astronauts may perceive a subjective vertical, or upright, direction aligned with the visual layout of the spacecraft, which may suddenly change orientation in steps of 90° or 180° angles \[i.e. room-tilt illusion ([@niw006-B54])\]. These experiences in microgravity share aspects with altered 1PP experiences in neurological patients with out-of-body experience (OBE), i.e. who experience their 1PP located at a position outside of their physical body and as rotated by 180° with respect to their physical body position \[see [@niw006-B34] for a detailed discussion of this issue\].

Despite these observations about the experienced direction of the 1PP in microgravity and in neurological patients, these studies are expensive, rare, and often based on few participants or patients. Moreover, the experimental investigation of the associated functional and brain mechanisms is challenging for microgravity experiments. However, several recent studies under normogravity conditions investigated the brain mechanisms of the experienced direction of the 1PP using full-body illusion (FBI) paradigms in healthy subjects. The FBI consists of visuo-tactile stroking-induced changes of self-identification and self-location with respect to a fake or virtual body seen by the participant in peripersonal or extrapersonal space \[see [@niw006-B4]; [@niw006-B17]; [@niw006-B40] for reviews\]. When additional directional conflicts between visual, vestibular, and somatosensory gravitational cues were presented during the FBI, the experimental participants showed individual differences of their experienced direction of the 1PP ([@niw006-B26]; [@niw006-B41]). Thus, although all participants had a supine posture (veridical gravity directed toward the participant) and viewed in a head-mounted display a prone virtual body as if seen from an elevated visuo-spatial viewpoint (visual gravity directed away from the participant), only half of the participants experienced an upward direction of the 1PP (up-group) as if they were looking upwards at a virtual body above them (i.e. the experienced direction of the 1PP was congruent with vestibular/somatosensory gravitational cues). In contrast, the remaining participants experienced a downward direction of the 1PP (down-group) as if they were looking downwards at a virtual body below them \[i.e. the experienced direction of the 1PP was congruent with visual gravitational cues ([@niw006-B26]; [@niw006-B41])\]. These individual differences of the experienced direction of the 1PP were associated with consistent changes in self-location \[i.e. the experience where 'I' am located ([@niw006-B26]; [@niw006-B41])\] and with individual differences in visuo-vestibular perception \[i.e. subjective visual vertical perception; ([@niw006-B41])\]. Specifically, the subjective visual vertical ratings of down-group participants were more strongly biased by a visual context than ratings of up-group participants, suggesting that the experienced direction of the 1PP depends on visuo-vestibular gravitational information ([@niw006-B41]). Other FBI studies also found that the experienced direction of the 1PP depended on different types of visual cues, such as the visuo-spatial viewpoint from where the virtual body was seen ([@niw006-B42]), as well as on the synchrony of visuo-tactile stroking ([@niw006-B21]). These previous results suggest that visual gravitational cues, in particular when related to the orientation of the seen virtual body, influence the experienced direction of the 1PP in humans. However, it is currently unclear whether these visual gravitational effects on the experienced direction of the 1PP were specific to manipulations of the virtual body, or whether such changes could be achieved also by providing contextual visual gravitational cues ([@niw006-B55])---which would be expected based on previous studies showing visual gravitational effects on object-motion perception ([@niw006-B36]; [@niw006-B23]; [@niw006-B55]).

In order to address this question, we adapted our previous FBI protocol where supine participants (veridical gravity directed toward them) viewed a prone virtual body \[visual gravitational cues directed away from the participant ([@niw006-B41])\]. Here, we additionally presented gravitational virtual object motion \[adapted from [@niw006-B50], see below\], which was previously employed by studies investigating contributions of visual gravity signals to object-motion perception ([@niw006-B36]; [@niw006-B23]; [@niw006-B24]). We tested whether the direction of this gravitational visual object motion would modulate the experienced direction of the 1PP during the FBI (within-subject changes of 1PP ratings). In a 2 (Stroking: synchronous, asynchronous) × 2 (Visual Gravity: toward, away) experimental design, we manipulated the synchrony of visuo-tactile stroking to either induce the FBI (synchronous stimulation) or not (asynchronous condition), while participants concurrently saw a virtual body (centrally) and a visual spherical object moving with gravitational constant acceleration either toward the participant (congruent with veridical gravity) or away from the participant (incongruent with veridical gravity)---to either side of the virtual body. We hypothesized that the direction of contextual gravitational visual object motion would influence the experienced direction of the 1PP over and above the previous effects of constant visuo-vestibular conflict (i.e. participants in supine posture and virtual body in prone posture) and would depend on visuo-tactile stimulation ([@niw006-B26]; [@niw006-B41]; [@niw006-B42]). We thus predicted changes of the experienced direction of the 1PP in the direction of the visual gravitational motion and further modulated by visuo-tactile stroking---as based on previous behavioral ([@niw006-B41]; [@niw006-B21]) and clinical data ([@niw006-B5]; [@niw006-B12]). We also measured self-location by a mental imagery task and collected questionnaires ratings to quantify the FBI.

Materials and Methods
=====================

Participants
------------

Sixteen undergraduate students (6 females, mean age ± SD: 22.3 ± 2.5 years) of the Ecole Polytechnique Fédérale de Lausanne participated. All were right-handed, had normal or corrected-to-normal vision, and no history of neurological or psychiatric disease. The study was conducted in accordance with the Declaration of Helsinki and the experimental protocol was approved by the local ethical committee---La Commission d'Ethique de la Recherche Clinique de la Faculté et de Medicine de l'Université de Lausanne. Participants gave their informed consent before inclusion to the study and received 30 Swiss Francs for compensation after having participated.

Experimental setup
------------------

[Figure 1](#niw006-F1){ref-type="fig"}a and b schematically shows the experimental setup, which was identical to previous experiments ([@niw006-B41]; [@niw006-B47]; [@niw006-B42]; [@niw006-B45]). In a darkened room, a custom-made robotic device (stroking robot) was horizontally placed on a table with 90 cm distance to the floor. Participants lay in supine posture on the stroking robot, which consisted of a soft-foam mattress and of two independent stroking units touching the participant at the upper back through holes in the mattress ([@niw006-B14]; [@niw006-B41]). The participant was equipped with a head-mounted display (HMD, Virtual Research, model VR1280, <http://www.virtualresearch.com>, diagonal field-of-view 60°, resolution 1280 × 1024, refresh rate 60 Hz) for visual stimulus presentation and in-ear headphones for acoustic pink noise presentation masking mechanical noise of the stroking robot. A serial keypad (Targus Numeric Keypad AKP10US, <http://www.targus.com>) was placed under the participant's right hand for button press responses with the right-hand index and middle fingers. A regular juggling ball (Astrix Flames-N-Games, <http://flamesngames.co.uk>) with 100 g weight was held by the participant in the left hand to facilitate the Mental Ball Dropping task (MBD; see below). Labview software (National Instruments, Austin Texas, <http://www.ni.com/>) was used to control of the stroking robot and ExpyVR software (<http://lnco.epfl.ch/expyvr>) was used for visual and acoustic stimuli presentation and timing.

![FBI experimental setup and procedure. (A) Schematic side-view of the experimental setup showing a participant lying supine on a robotic device (stroking robot), used for tactile stroking, and wearing a head-mounted display (HMD) in which the participant saw visual stroking of a virtual body (white circles*;* illustrating both visual and tactile stroking). Visual gravity cues consisted of a virtual ball falling (gray circle and black arrow) that was congruent or incongruent with the direction of gravity (gray arrow). An exemplar toward ball falling trial is shown. Note that during each experimental trial virtual balls repeatedly fell at random at the right side (shown here) or left side of the display. (B and C) Toward (congruent with gravitational direction) and away (incongruent with gravitational direction) visual ball falling stimuli are shown (black arrows) and gravitational direction is shown in gray. (D) Sequence of events for a single trial showing an initial FBI induction phase with continuous visuo-tactile (synchronous or asynchronous) stroking and occasional (toward or away) virtual ball falling stimuli. This was followed by the dependent measures of self-location (MBD task) and 1PP rating. (E) Randomized trial order during exemplar experimental run of 12 min duration.](niw006f1p){#niw006-F1}

Stimuli
-------

The experimental stimuli were adapted from [@niw006-B41]. The participant lay supine (gravity directed toward the participant) and viewed on the HMD a photorealistic back-view image of a male human body (virtual body) at approximately 2 m in front of the participant. The clothing (i.e. white shirt) and the limb posture of the virtual body matched the clothing and posture of the participant during the experiment. A black colored background surrounded the virtual body such that no information about the surrounding space was visible to the participant.

Based on earlier work ([@niw006-B26]; [@niw006-B41]), we presented static visuo-vestibular conflicts about the direction of linear gravitational acceleration. Supine participants (i.e. veridical gravity was directed toward the participant) were presented with static 'away' visual gravitational cues consisting of viewing in the HMD a virtual body (seen from the back) in prone posture on which linear gravitational acceleration acted along an axis through the virtual body's back and chest showing gravitational pull on hair, clothes, and the posture of the shoulders of the virtual body directed away from our participants. In addition, we chose a distribution of light on the front and back of the virtual body that was congruent with a light following this away direction of visual gravity ([@niw006-B26]; [@niw006-B41]). Thus, static 'away' visual gravitational cues were in directional conflict with 'toward' vestibular/somatosensory gravitational cues due to the participant's supine posture. Of note, these static 'away' visual gravitational cues were consistent with dynamic 'away' visual gravitational cue by the ball falling manipulation (see below). However, the main manipulation of the present study was presenting different dynamic visual gravitational cues, based on related work that found effects of visual gravitational cues on self-motion perception ([@niw006-B24]; [@niw006-B25]) and object-motion perception ([@niw006-B36]; [@niw006-B23]; [@niw006-B50]; [@niw006-B56]). For this we chose a three-dimensional white spherical object (virtual ball) that was shown on the HMD. The virtual ball initially appeared at a dedicated position in virtual space (see below) where it remained static for 1 s and subsequently accelerated for 2 s with a gravity-matching acceleration (9.81 cm/s^2^) along a linear trajectory in parallel to the line of sight of the participant, without colliding with the virtual body or the participant's point of view. This procedure gives the impression that the virtual ball was falling under the influence of gravity \[i.e. for similar stimulus see [@niw006-B50]\]. Critically, we manipulated the direction of virtual ball falling with respect to the participant's physical body position ([Fig. 1](#niw006-F1){ref-type="fig"}a--c). In one condition, the virtual ball appeared at a location far behind the virtual body and then accelerated toward the participant until it disappeared outside the field of view ('toward' Visual Gravity condition). In another condition, the virtual ball appeared at a location close to the participant and then accelerated away into depth until occluded by the virtual body ('away' Visual Gravity condition). Note that, whereas 'toward' ball falling was congruent with the effects of veridical gravity on physical objects viewed by the participant in supine posture, 'away' ball falling was incongruent with veridical gravity. The virtual ball falling stimuli thus served as a dynamic visual cue simulating different visual gravity directions. We hypothesized that these dynamic visual gravitational cues might induce stronger changes of subjective 1PP than previously observed for static visual gravitational cues only ([@niw006-B26]; [@niw006-B41]).

In the context of these multisensory gravitational conflicts, we induced the FBI with a classic visuo-tactile stroking manipulation \[see [@niw006-B26]; [@niw006-B30]\]. We included Stroking manipulations in the present experiment both in order to induce multisensory visuo-tactile conflict, a proxy of multisensory disintegration causing OBEs and changes in the experienced 1PP in neurological patients \[e.g. ([@niw006-B5])\], and in order to assess whether strong multisensory conflicts based on combined Stroking and dynamic visual gravitational cues would induced stronger, intra-individual changes of the experienced direction of the 1PP as found previously \[e.g. ([@niw006-B41])\]. Visual stroking was shown on the HMD as two red dots on the upper back of the virtual body with a diameter, position, and movement range corresponding to the tactile stroking of the participant's back ([Fig. 1](#niw006-F1){ref-type="fig"}a). Tactile stroking consisted of random linear strokes by two independent stroking units along the upper back, i.e. on the left and right side of the back moving in parallel to the spinal cord. On each trial and for each of the stroking units, a different pseudo-random stroking sequence was used (strokes in a 0--20 cm distance range, 2--12 cm/s velocity range, variable 0--1.5 s inter-stroke intervals). During the experiment, visual and tactile stroking was simultaneously presented either in perfect synchrony (synchronous Stroking condition) or asynchronously in terms of moment-by-moment stroking position, movement direction, and velocity. The overall amount of stroking was matched between the asynchronous sequences (asynchronous Stroking condition). As shown by many previous studies, such synchronous stroking induces increased self-identification and self-location changes toward the virtual body when compared to the asynchronous stroking control condition ([@niw006-B16]; [@niw006-B31]).

Experimental design and procedure
---------------------------------

A 2 (Visual Gravity: toward, away) by 2 (Stroking: synchronous, asynchronous) within-subjects full-factorial experimental design was used. The four experimental conditions were presented nine times in random order. The 36 experimental trials were presented in three runs of 12 trials. [Figure 1](#niw006-F1){ref-type="fig"}c and d show the sequence of events of an experimental trial and an experimental run. First, the FBI was induced by presenting in the HMD the virtual body and by (synchronous or asynchronous) visuo-tactile stroking during 40 s. During this period, repeated virtual ball falling stimuli, each lasting 2 s, were presented at 6, 12, 18, 24, 30, and 36 s poststimulus onset. All stimuli presented during this interval showed virtual balls falling in the same direction (away or towards) but were randomly presented at the left side (three times) or the right side (three times) of the screen in order to avoid anticipation. We chose to show only one virtual object at a time in order to avoid the induction of self-motion perception by a larger amount of coherent peripheral visual motion ([@niw006-B27]). Immediately after that, the robotic stroking was stopped and all visual stimuli were removed from the screen upon which two dependent measures of the FBI were recorded during 14 s (see below). This was followed by a random intertrial interval of 1.5--2.5 s.

Dependent measures of the FBI
-----------------------------

The 1PP rating served as a repeated measure of the experienced direction of participant's 1PP \[as initially introduced by ([@niw006-B26])\]. Participants viewed at the center of the display the word 'Orientation?', at the bottom left side the word 'Upwards' and at the bottom right side the word 'downward'. Participants were instructed that, upon viewing this display, they should answer to the question 'Did you have the impression as if you were looking upwards at a body above you or as if you were looking downward at a body below you?' using a two-alternative forced-choice response format, i.e. rating 'Upwards' by pressing the right index finger button or by rating 'downward' by pressing the right middle finger button. They were asked to rate their experienced direction of the 1PP they had most of the time during the previous 40-s stroking period. The judgment was given unspeeded within about 8 s after onset of the display.

The MBD task \[adapted from [@niw006-B30]\] served as our measure of self-location. The MBD task began with the presentation of a white fixation cross on black background in the HMD for 1 s. This was followed by a brief acoustic beep for 500 ms, which served as a go signal for initiating mental imagery. Participants imagined releasing the juggling ball (held in the left hand) and estimated the duration of ball falling to the ground. With the right index finger, the participant pressed a button at the moment of imagined ball release from the hand, held it pressed during imagined ball falling, and released the button at the moment of imagined ball impact on the ground. Thus, the duration of button press served as response time (RT) measure, i.e. a proxy of estimated self-location above the floor. Before the experiment, the participant was seated upright on a chair and performed 20 practice trials including actual juggling ball drops from different heights and with eyes open and closed (i.e. no data were recorded for practice trials). During an experimental trial, participants performed three subsequent repetitions of the MBD task and they had 4 s to complete each repetition of the task.

The FBI Questionnaire \[adapted from [@niw006-B30]\] was administered after completion of the experiment on the robotic device. A total of 10 questions ([Fig. 3](#niw006-F3){ref-type="fig"}b) inquired about different aspects of the illusion experience. Three questions were sensitive to the FBI experience (Experimental questions: Q1--Q3) and seven questions served as control (Control questions: Q4--Q10). The questions were presented in random order at the center of a computer screen where seated participants gave their ratings along an 11-point horizontal visual analog scale, labeled at the left side 'weak feeling' and at the right side 'strong feeling.' Ratings were given in an unspeeded fashion by button presses. Because this study primarily focused on the effects of visual gravitational cues on repeated measures of the experienced direction of the 1PP and for time-keeping reasons, we administered the FBI questionnaire twice in random order between participants: once regarding the overall synchronous Stroking trials and once regarding the asynchronous Stroking trials. The FBI questionnaire served mainly to assess that a basic FBI was induced during the experiment.

Analysis
--------

The data from two participants were excluded from further statistical analysis because of a large number of MBD RT outliers (\>20% of trials exceeded two times the interquartile range around the individual median, see below), suggesting low task compliance. Of the remaining sample of 14 participants, two participants completed only two out of three experimental runs due to technical problems with the HMD.

1PP ratings were quantified as proportion scores by dividing the number of 'downward' ratings by the total number of 1PP ratings per condition. The 1PP proportion score ranged from 0 (i.e. never rated 'downward') to 1 (i.e. always rated 'downward'). Condition-wise scores from all participants were submitted to statistical analysis using a 2 (Visual Gravity: toward, away) × 2 (Stroking: synchronous, asynchronous) repeated measures ANOVA. We used Matlab (version R13, The MathWorks, Massachusetts, <http://www.mathworks.ch/>) and SPSS (version 17.0, IBM, <http://www.ibm.com/software/analytics/spss>*)* software for data analysis.

MBD RTs (i.e. measure of self-location) were processed by removing outlier values exceeding two times the interquartile range around the individual median RT (i.e. on average 4.5% of the RTs were removed). Condition-average RTs were then calculated and subjected to statistical analysis using a 2 (Visual Gravity: toward, away) × 2 (Stroking: synchronous, asynchronous) repeated measures ANOVA.

Based on previous results from FBI studies ([@niw006-B26]; [@niw006-B41]) and OBEs of neurological origin ([@niw006-B7], [@niw006-B5]), we predicted that changes of the experienced direction of the 1PP would systematically relate to changes in self-location. Specifically, the downward direction of the experienced 1PP should be associated with elevated self-location ([@niw006-B7]). In order to test this prediction, we ran correlation analysis between the repeated measures for the 1PP ratings and MBD RTs. This required *z*-standardization of MBD RTs (average = 0, SD = 1) immediately after outlier removal and before calculating condition-averages. Thereby the variance ranges of the resulting condition-average RTs and the 1PP proportion scores were homogenized. We then subjected the paired condition-wise RTs and 1PP scores from all participants to linear regression analysis to investigate systematic relationships between self-location and the experienced direction of the 1PP. Our correlation analysis was run on the data from all experimental conditions across all subjects.

The FBI questionnaire scores, which were recorded at the end of the experiment related to the synchronous and asynchronous stroking, were analyzed by calculating for each participant the average scores across Experimental questions (Q1--Q3) and the average scores across Control questions (Q1--Q7) separately for the synchronous and asynchronous Stroking condition. The resulting scores were then subjected to statistical analysis using a 2 (Question: experimental, control) × 2 (Stroking: synchronous, asynchronous) repeated measures ANOVA. For all statistical analyses, an alpha threshold of 0.05 was used. Because paired *t*-tests for post-hoc comparisons were calculated only based on significant interactions, no correction for multiple comparisons was applied. In all figures we show 95% confidence intervals, i.e. calculated on the within-subject error term of the subject × condition interaction of the repeated-measures ANOVA used for statistical analysis, directly showing significant differences between experimental conditions ([@niw006-B32]).

Predicted outcomes
------------------

Based on the idea that the experienced direction of the 1PP depends on spatial information from the body and the external world ([@niw006-B5]; [@niw006-B4]; [@niw006-B41]) and based on earlier work showing contribution of contextual visual information to the brain's estimate of the subjective vertical, or upright, direction ([@niw006-B54]; [@niw006-B36]; [@niw006-B15]; [@niw006-B24]), we hypothesized that contextual dynamic visual gravitational cues would induce within-subject changes of the experienced direction of the 1PP by modulating effects based on static visual, vestibular, and somatosensory gravitational cues \[i.e. individual differences of the experienced direction of the 1PP ([@niw006-B26]; [@niw006-B41])\]. In particular, several previous studies showed strong associations between altered states of BSC in neurological patients and experimentally induced changes of BSC in healthy individuals \[see [@niw006-B8]; [@niw006-B42] for reviews\]. For instance, during OBEs an elevated and downward-directed experienced direction of the 1PP is caused by dysfunctional multisensory integration of visual, vestibular, and somatosensory signals ([@niw006-B5]). Similarly, in FBI studies a combination of conflicting visuo-vestibular gravitational cues and asynchronous Stroking alters the integration of vestibular, visual, and tactile signals due to spatio-temporal conflict, thereby mimicking to some extend effects of dysfunctional multisensory integration during OBEs \[e.g. ([@niw006-B6]; [@niw006-B26])\]. We have argued before that the similarity between the experienced downward direction of the 1PP in neurological patients with during OBE and in healthy subjects as induced by the FBI ([@niw006-B26]; [@niw006-B41]) is associated with similar brain mechanisms and processing of such spatial and temporal multisensory conflicts. Here, we hypothesized that stronger multisensory conflicts would induce more frequent illusory changes of the experienced direction of the 1PP \[see [@niw006-B41] for a related proposal\]. We thus predicted to observe the highest proportion of 'downward' 1PP ratings for away Visual Gravity-asynchronous Stroking (i.e. dynamic and static visual cues in conflict with vestibular/somatosensory gravitational cues and visuo-tactile stroking conflict) and the lowest proportion of 'downward' 1PP ratings for toward Visual Gravity-synchronous Stroking (i.e. no conflict between dynamic visual and vestibular/somatosensory gravity cues and no visuo-tactile stroking conflict).

To further address whether or not the experienced direction of the 1PP and self-location depend on similar or distinct functional mechanisms ([@niw006-B51]; [@niw006-B43]; [@niw006-B40]), and based on previous clinical and experimental data showing an association between an experienced downward direction of 1PP and elevated self-location levels ([@niw006-B7]; [@niw006-B26]), we further hypothesized a systematic relationship between the experienced direction of the 1PP and self-location. Accordingly, we hypothesized a positive correlation between more frequent 'downward' 1PP ratings and prolonged MBD RTs (i.e. higher self-location).

Regarding the overall experience of the FBI, we hypothesized in line with numerous previous studies that visuo-tactile stroking will induce a basic FBI experience, as reflected in higher questionnaire ratings for synchronous than asynchronous stroking for critical questionnaire items (Q1--Q3).

Results
=======

1PP ratings
-----------

Statistical analysis of 1PP proportion scores revealed a main effect of Visual Gravity (*F*(1, 13) = 15.20, *P* = 0.002, *η^2^*^ ^= 0.54; [Fig. 2](#niw006-F2){ref-type="fig"}a), reflecting as predicted more frequent 'downward' 1PP ratings for away Visual Gravity (M = 0.60, SE = 0.07) than for toward Visual Gravity (M = 0.26, SE = 0.04), which suggests that the experienced direction of the 1PP during the FBI depends on the direction of dynamic visual gravitational motion. We note that the effect of Visual Gravity on 1PP ratings was highly consistent across subjects. Analysis of the Visual Gravity × Stroking interaction revealed a trend toward significance (*F*(1, 13) = 3.80, *P* = 0.07, *η^2^*^ ^= 0.23). Post-hoc analyses showed for asynchronous Stroking a larger difference between toward vs. away Visual Gravity \[asynchronous-toward vs. asynchronous-away: mean 1PP score difference = 0.40, SE = 0.02; post-hoc paired samples *t*-test: *t*(13) = −5.24, *P* = 0.0002\] than for synchronous Stroking \[synchronous-toward vs. synchronous-away: mean 1PP score difference = 0.28, SE = 0.03; paired samples *t*-test: *t*(13) = −2.65, *P* = 0.02; [Fig. 2](#niw006-F2){ref-type="fig"}a\]. No differences between synchronous and asynchronous Stroking conditions were observed for away Visual Gravity \[asynchronous-away vs. synchronous-away: mean 1PP score difference = 0.07, SE = 0.05; post-hoc paired samples *t*-test: *t*(13) = −1.50, *P* = 0.16\] and for toward Visual Gravity \[asynchronous-toward vs. synchronous-toward: mean 1PP score difference = 0.05, SE = 0.04; paired samples *t*-test: *t*(13) = 1.15, *P* = 0.27\]. Finally, no main effect of Stroking was found (*F*(1, 13) = 0.13, *P* = 0.72, *η^2^*^ ^= 0.01).

![Results from the FBI. (A) Results for 1PP ratings showed higher proportions of 'downward' ratings for away than for toward Visual Gravity both for the synchronous (Synch) and asynchronous (Asynch) Stroking conditions. Error bars show confidence intervals (see 'Materials and Methods') and significance levels of post-hoc comparisons are represented by stars (\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001). (B) Correlation analysis of 1PP 'downward' ratings and response times of the MBD task (self-location measure) showed a significant positive correlation, revealing that higher self-location was associated with a higher proportion of downward 1PP**.**](niw006f2p){#niw006-F2}

![Questionnaire results. (A) Combined analysis comparing critical (Q1--Q3) and control (Q4--Q10) question average scores. Results show visuo-tactile stroking dependent modulation of questionnaire scores for critical questions and no modulation for control questions. Significance levels of post-hoc comparisons are shown by stars (\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001). (B) Questions of the FBI questionnaire and group-average scores for each questionnaire item for the synchronous and asynchronous Stroking conditions. Error bars represent 95% confidence intervals.](niw006f3p){#niw006-F3}

Self-location (MBD response times)
----------------------------------

Analysis of MBD RTs showed no significant main effects nor an interaction \[Visual Gravity main effect: *F*(1, 13) = 2.19, *P* = 0.16, *η^2^*^ ^= 0.14; Stroking main effect: *F*(1, 13) = 3.19, *P* = 0.10, *η^2^*^ ^= 0.20; Visual Gravity × Stroking interaction: *F*(1, 13) = 0.52, *P* = 0.46, *η^2^*^ ^= 0.04\], suggesting that overall self-location, as measured by the MBD task, was not modulated by the present experimental conditions.

Correlation analysis
--------------------

Correlation analysis between 1PP proportion scores and MBD RTs across experimental conditions showed a significant positive correlation (*R* = 0.27, *P* = 0.047), reflecting that more frequent 'downward' 1PP ratings were associated with prolonged MBD RTs, i.e. higher self-location ([Fig. 2](#niw006-F2){ref-type="fig"}b).

FBI questionnaire ratings
-------------------------

Combined FBI questionnaire scores (i.e. condition-wise averages of experimental questions Q1--Q3 vs. control questions Q4--Q10; see 'Materials and Methods') were analyzed using a 2 (Question: experimental, control) × 2 (Stroking: synchronous, asynchronous) repeated-measures ANOVA, which showed a main effect of Question (*F*(1, 13) = 6.34, *P* = 0.03, *η^2^*^ ^= 0.33), a main effect of Stroking \[*F*(1, 13) = 46.82, *p* \< 0.001, *η^2^*^ ^= 0.78\] and a critical Question × Stroking interaction \[*F*(1, 13) = 32.59, *P* \< 0.001, *η^2^*^ ^= 0.71; [Fig. 3](#niw006-F3){ref-type="fig"}a\]. In order to uncover the meaning of the interaction, post-hoc comparisons using paired-samples *t*-tests were conducted between the synchronous and asynchronous Stroking conditions separately for the experimental and control question scores. Post-hoc comparisons revealed a significant difference for experimental questions \[*t*(13) = 8.32, *P* \< 0.001\], reflected an overall higher score for synchronous Stroking (M = 6.45, SE = 0.50) than for asynchronous Stroking (M = 2.64, SE = 0.40). In contrast, no difference between synchronous and asynchronous Stroking conditions was found for control questions \[*t*(13) = 1.55, *P* = 0.15\]. [Figure 3](#niw006-F3){ref-type="fig"}b shows question-wise average ratings to the FBI questionnaire.

Discussion
==========

We investigated whether combined visuo-vestibular and visuo-tactile spatial conflicts impact on a key component of human BSC: the experienced direction of the 1PP. Further, we asked how experimental changes of the experienced direction of the 1PP relate to self-location and whether predicted changes of self-identification could be induced under these conditions. Healthy participants were presented with multisensory conflicts between contextual dynamic visual and static vestibular-somatosensory gravitational cues to test whether such stimulations would induce predictable changes of the experienced direction of the 1PP at the single-subject level. Our results showed, first, that we were able to induce changes of the experienced direction of the 1PP by manipulating visual gravity cues and that these effects exceeded the degree of previously reported between-subjects changes of the experienced direction of the 1PP induced by constant visual-vestibular gravitational conflicts ([@niw006-B41]; [@niw006-B42]). Second, our data suggest that Stroking might further modulate Visual Gravity effects on the experienced direction of the 1PP because the Visual Gravity × Stroking interaction was close to significant and might have reached significance level for a larger subject sample. Thus, illusory downward direction of the 1PP was more frequently reported for asynchronous than for synchronous visuo-tactile stroking. Next, our results showed an association between frequency of 'downward' 1PP ratings and magnitude of self-location in line with previous data ([@niw006-B26]; [@niw006-B41]). However, because Visual Gravity or Stroking did not affect self-location, it remains unclear how these manipulations contributed to the association between 1PP and self-location. Finally, we found that despite these multisensory conflicts, we induced changes of self-identification that depended on visuo-tactile stroking, comparable to previous FBI studies \[see [@niw006-B4]; [@niw006-B17] for reviews\]. In the following, we discuss these results in separate sections for the experienced direction of the 1PP, self-location, and self-identification.

1PP: Dependence on visual gravitational motion
----------------------------------------------

Participants more frequently experienced a downward direction of the 1PP when the direction of visual gravitational motion cues (i.e. directed away from the participant) was congruent with static visual gravitational cues (i.e. directed away) and both visual cues were incongruent with vestibular and somatosensory gravitational cues (i.e. always directed toward the supine participant; see [Fig. 1](#niw006-F1){ref-type="fig"}a--c). The present findings show that the experienced direction of the 1PP depends on the direction of visual gravitational cues and that coherence of dynamic and static visual gravitational cues (i.e. away) induced stronger, within-subject changes of the experienced direction of the 1PP than previously observed for static visual gravitational cues alone ([@niw006-B26]; [@niw006-B41]). In particular, this previous work tested the effect of visual gravitational cues that were constantly present during the experiment (i.e. the prone virtual body suggesting visual gravity directed away from the participant) or the vestibular/somatosensory cues signaled by the participant's supine posture (suggesting gravity directed toward the participant). The present work, instead, shows that additional dynamic visual gravitational cues systematically and more strongly influence 1PP ratings. These previous FBI studies about visual contributions to the experienced direction of the 1PP induced an experienced downward direction of the 1PP \[i.e. congruent with the visual stimulus) in 30--50% of the tested participants ([@niw006-B26]; [@niw006-B41])\]. An experienced downward direction of the 1PP was furthermore systematically related to visual biases of visuo-vestibular integration during subjective visual vertical ratings ([@niw006-B41]), supporting the proposal that the experienced direction of the 1PP depends on integrated visuo-vestibular information ([@niw006-B34]; [@niw006-B43]). In addition to such visual gravitational cues, visuo-spatial viewpoint manipulations, and visual cues about the virtual body have also been shown to affect the experienced direction of the 1PP ([@niw006-B42]). Here, we extended these previous observations by showing that contextual dynamic visual gravitational cues induced more pronounced and within-subject changes of the experienced direction of the 1PP (i.e. 40% 'downward' 1PP rating difference between away vs. toward Visual Gravity) than previously observed \[i.e. 15% 'downward' 1PP rating difference between down-group vs. up-group participants; see Experiment 2 in [@niw006-B41]\]. This effect is particularly relevant considering that static multisensory gravitational cues were constantly present throughout the experiment, whereas visual gravitational object motion was presented occasionally during single trials. Thus, the present study describes a new experimental protocol that induces these changes of the experienced direction of the 1PP on a trial-by-trial basis, whereas earlier descriptions were based on single overall ratings ([@niw006-B26]; [@niw006-B41]).

Further, our results suggest that this multisensory gravitational effect on 1PP ratings also depended on multisensory body-related signals. We found a trend toward an interaction between visual gravity and visuo-tactile stroking, reflected in a larger effect of Visual Gravity on 1PP ratings during the asynchronous than the synchronous Stroking condition. We note that because of the small sample size (14 participants) tested here, this statistical trend of the Visual Gravity × Stroking interaction should be considered preliminary evidence requiring further confirmation by future studies. It is also worth noting that these results were collected from supine participants, i.e. vestibular and somatosensory gravitational cues were always directed toward the participant. Thus, it remains to be determined how different body tilts or positions (e.g. prone, standing) would affect visual gravitational effects on the experienced direction of the 1PP. Nonetheless, this effect pattern is in line with previous experimental ([@niw006-B26]; [@niw006-B41]) and clinical studies ([@niw006-B5]) showing that during asynchronous stroking or body-related multisensory disintegration, an illusory downward direction of the experienced direction of the 1PP is more frequently induced. Thus, during OBEs an elevated and downward-directed experienced direction of the 1PP is caused by dysfunctional multisensory integration of visual, vestibular, and somatosensory signals ([@niw006-B5]). Similarly, in FBI studies a combination of conflicting visuo-vestibular gravitational cues and asynchronous Stroking alters the integration of vestibular, visual, and tactile signals due to spatio-temporal conflict, thereby mimicking to some extend effects of dysfunctional multisensory integration during OBEs \[e.g. ([@niw006-B6]; [@niw006-B26])\]. We have argued before that the similarity between the experienced downward direction of the 1PP in neurological patients with OBE and in healthy subjects as induced by the FBI ([@niw006-B26]; [@niw006-B41]) is associated with similar brain mechanisms and processing of such spatial and temporal multisensory conflicts. Importantly, this pattern of down-looking direction of the 1PP during asynchronous stimulation is consistent across studies, different subject samples, and different stimulation robots \[for discussion see [@niw006-B41]\]. Indeed, previous work has found higher levels of self-location in the asynchronous vs. synchronous Stroking conditions ([@niw006-B26]; [@niw006-B41]). The present data extend these previous observations by showing that asynchronous visuo-tactile stimulation in the away conditions leads to the highest proportion of 'downward' 1PP ratings, further confirmed by the present correlation analysis between 1PP ratings and self-location measures (see below). We note that here 1PP ratings were always assessed related to presentation of multisensory gravitational cues and Stroking in order to measure the effects of multisensory conflict on the experienced direction of the 1PP. Future studies should also measure 1PP ratings during baseline conditions (e.g. without visuo-tactile stimulation) in order to quantify the experienced direction of the 1PP in the presence of vestibular-somatosensory gravitational cues alone.

Past research has provided solid evidence that gravity signals contribute to visual perception. For instance, visual object motions comparable to those used in our study were shown to affect behavioral performance in ball-interception tasks and also modulated brain activity in the posterior insula cortex \[i.e. a core region of the human vestibular cortical network ([@niw006-B33]; [@niw006-B57])\]. These findings are in accord with the idea that internal models of gravity are automatically and routinely engaged in visual motion perception ([@niw006-B36]; [@niw006-B23]; [@niw006-B50]). Similar results were found for visual self-motion perception ([@niw006-B13]; [@niw006-B24]). Our results extend these observations on visuo-vestibular processing to BSC, showing that the experienced direction of 1PP depends on visual information about gravity, resembling altered own-body and verticality perception during room-tilt illusions in microgravity ([@niw006-B54]; [@niw006-B34]).

What functional mechanisms might explain these directional effects of visual cues on the experienced direction of the 1PP, as observed in the present and previous FBI studies ([@niw006-B41]; [@niw006-B42]; [@niw006-B21])? Perception in general and the experienced direction of the 1PP depend on the integration of information from different senses. It is currently accepted that the cues from multiple sensory modalities are not homogeneously taken into account during multisensory perception, but they are weighted depending on the role and reliability of individual senses for each specific context ([@niw006-B22]; [@niw006-B52]; [@niw006-B9]; [@niw006-B10], [@niw006-B11]). We propose that sensory weighting underlies the present effects, in line with experimental evidence for Bayes-optimal visual-vestibular cue integration ([@niw006-B19]; [@niw006-B44]; [@niw006-B46]; [@niw006-B53]) Specifically, we propose that in motionless supine posture, the constant vestibular and somatosensory cues signaling the location and orientation of the participant's body might be overridden by dynamic visual gravitational cues determining the experienced direction of the 1PP. Differences in weighing of visual over vestibular cues and their effects on the experienced direction of the 1PP are also in line with the observation that dysfunctional visuo-vestibular multisensory processing leads to changes in the experienced direction of the 1PP during OBEs ([@niw006-B5]), which most often occur in supine posture ([@niw006-B20]; [@niw006-B28]).

This proposal may also account for our observation of a trend toward a significant Visual Gravity × Stroking interaction. In line with previous data, we here found the highest proportion of 'downward' 1PP ratings in the asynchronous stroking condition \[[Fig. 2](#niw006-F2){ref-type="fig"}a ([@niw006-B41])\]. In line with recent models of the rubber hand illusion ([@niw006-B48]), we propose that combination of a visuo-vestibular gravitational conflict and a visuo-tactile Stroking conflict during the FBI modulates reliance, or weighting, of sensory inputs for multisensory processing. Thus, directional conflict of visual and vestibular gravitational cues induces ambiguity about the direction of gravity and results in illusory changes of the experienced direction of the 1PP. In addition, during synchronous Stroking the brain might rely on integrated visual-somatosensory cues, whereas during asynchronous Stroking (because of stronger visuo-tactile conflict) the brain relies more on visual cues further enhancing the effects of visual-gravitational cues on the experienced direction of the 1PP. The present results thus demonstrate the crucial role of visual gravitational cues in determining the experienced direction of the 1PP in the context of the FBI. Nonetheless, it should be noted that different functional and brain mechanisms are involved in the rubber hand illusion and the FBI \[see [@niw006-B8]; [@niw006-B29] for recent reviews\]. We further argue that this is likely related to the higher levels of self-location reported in previous work in the asynchronous vs. synchronous conditions ([@niw006-B26]; [@niw006-B41]), more compatible with a downward than upward direction of the experienced direction of the 1PP. The present correlation analysis between 1PP ratings and self-location measures also supports this point (for discussion see next section). Such an interpretation is in line with clinical data showing that OBEs, which are marked by disembodied, elevated, and downward-directed experienced direction of the 1PP, were induced by electrical interference or damage of brain regions functionally involved in multisensory integration ([@niw006-B5]). In consequence, multisensory disintegration likely underlies the OBE phenomenology resembling experimental changes of both self-location and of the experienced direction of the 1PP as found here. Such an explanation is further in line with the hypothesis that the 1PP is functionally distinct from self-identification (i.e. which depends on visuo-tactile integration), in line with the present results \[for further discussion of this issue see [@niw006-B4]; [@niw006-B40]; [@niw006-B42]; [@niw006-B51]\].

Self-location: association with 1PP
-----------------------------------

The positive correlation between self-location and the experienced direction of the 1PP indicates that higher levels of self-location are associated with more frequent downward-directed 1PP experiences. We note again that this pattern is strikingly similar to the phenomenology of OBEs, during which subjects typically experience a downward-directed 1PP anchored to an elevated aerial self-location ([@niw006-B5]). This has also been observed during experimentally induced states of altered BSC in healthy subjects during the FBI ([@niw006-B26]; [@niw006-B41]). In particular, in our previous studies, the experienced downward direction of the 1PP was associated with an elevated aerial self-location and a stroking-dependent drift in self-location in the downward direction (associated with vestibular sensations); on the contrary, an experienced 'upward' direction of 1PP was associated with a lower self-location and a stroking-dependent drift in self-location in upward direction ([@niw006-B26]; [@niw006-B41]). These changes of self-location further depended on visuo-tactile stroking synchrony, which induced self-location changes toward the seen virtual body location, as compared to asynchronous stroking ([@niw006-B31], [@niw006-B30]). Although, we did not find effects of visuo-tactile stroking on self-location in the present study (see discussion below), our measures of self-location and the experienced downward direction of the 1PP were positively correlated. Moreover, numerous previous studies showed that self-location depends on the integration of multisensory bodily-related signals and can be experimentally manipulated by tactile signals presented in synchrony with visual signals at a distant spatial location. Indeed, self-location changes due to visuo-tactile manipulations during FBI are directed toward the spatial location of the visual stimulus ([@niw006-B31]; [@niw006-B2]; [@niw006-B30]; [@niw006-B37]), suggesting that visual cues affect self-location. Here, we showed that dynamic visual gravitational cues affected the experienced direction of the 1PP, extending previous FBI studies ([@niw006-B26]; [@niw006-B41]; [@niw006-B42]). Thus, visual cues seem to play an important role for both self-location and the experienced direction of the 1PP, compatible with associations previously observed between self-location and experienced direction of the 1PP ([@niw006-B26]; [@niw006-B41]). These findings stimulated discussion on whether both spatial aspects of BSC, 1PP and self-location, might be functionally dissociable, or whether they rely on common mechanisms ([@niw006-B51]). Our study design did not directly address the question of whether self-location and 1PP can be separated; however, the fact that dynamic visual gravitational manipulations strongly affected the experienced direction of the 1PP and that 'downward' 1PP ratings correlated with elevated self-location suggest that self-location and 1PP share functional mechanisms.

Why did the present experimental manipulation not affect experienced self-location depending on the chosen experimental conditions? We argue that this might depend on the specific visual contextual stimulation used in the present study. As the specific measure of self-location used here (MBD task) requires a representation of distance to the ground floor, both the static and the dynamic visual stimuli that we used suggested a virtual space reaching far into depth, which probably made it difficult for our participants to form a clear mental representation of ground floor, necessary to perform the task. In previous studies, which observed a modulation of MBD RTs ([@niw006-B30]; [@niw006-B26]), a surface supporting the virtual body was shown and their absence in the present study may have affected the present self-location data based on the MBD task.

Self-identification: dependence on visuo-tactile stroking
---------------------------------------------------------

Subjective ratings for critical questionnaire items (Q1--Q3) showed higher scores for synchronous than for asynchronous visuo-tactile Stroking, indicating that the FBI was induced (weaker though than in previous publications; see below). In contrast, Stroking did not modulate control question ratings (Q4--Q10). These results are in line with numerous previous studies using different variants of the FBI or related illusions ([@niw006-B4]; [@niw006-B29]). Our study extends these results by showing that the presentation of dynamic visual gravitational motion did not abolish the induction of the FBI. Indeed, one might have anticipated that virtual object motion captures attention to a location in the visual field other than that of the virtual body, thus distracting participants from the critical visuo-tactile stimulation for the FBI, or, alternatively, that the visual object approaching the body might represent a potential threat \[see e.g. ([@niw006-B16]; [@niw006-B18])\]. However, from the present data it seems that these mechanisms did not interfere with the induction of the FBI, probably because the virtual objects were never (visually) colliding with the observer's viewpoint or the virtual body and the virtual ball only appeared during relatively short periods.

Next, we found that self-identification (Q1) ratings in the present study were overall lower as compared to previous FBI studies using the same experimental setup ([@niw006-B41]; [@niw006-B47]; [@niw006-B42]; [@niw006-B45]). This might be related to the stronger multisensory gravitational conflicts (static and/or dynamic gravity cues), in line with a previous study showing a reduction of self-identification by stronger visuo-vestibular gravity conflicts \[([@niw006-B41]), Experiment 1\]. We note that the present study did not address how multisensory gravitational conflict affects self-identification, but focused on the question how gravitational effects impact the experience direction of the 1PP and self-location \[approach similar to [@niw006-B26]; [@niw006-B41]\]. Based on our data, it remains thus unclear how self-identification relates to the experience direction of the 1PP, which will be an important issue to address by future studies ([@niw006-B4]; [@niw006-B51]; [@niw006-B43]; [@niw006-B40]). In addition, although on average self-identification (Q1) ratings were higher for synchronous than asynchronous Stroking, these differences were not statistically significant and smaller than stroking effects observed in related FBI studies \[e.g. ([@niw006-B39]; [@niw006-B35]; [@niw006-B38]; [@niw006-B21])\]. This might be related to the fact that our visual stimuli differed from those used in previous FBI studies, which used real-time videos of the participant's physical body ([@niw006-B16]; [@niw006-B31]), a first-person visual viewpoint of the mannequin/virtual body \[e.g. ([@niw006-B39])\] and showed the room in which participants were located. These visual cues highly resembled the physical conditions of the experimental room and the participant and might have induced overall high ratings for the self-identification (independent of stroking manipulations). In contrast, in our study we showed to all participants the same unknown virtual body, located at a distance and provided no information about the experimental room, likely associated with overall low ratings of self-identification.

Finally, we propose that associations between asynchronous Stroking and downward-directed 1PP, as well as between 1PP and self-location as observed here and in previous work, might be related to an overall weaker self-identification during asynchronous stroking, which might further enhance effects of visuo-vestibular gravitational conflict on the experienced direction of the 1PP. Indeed, asynchronous stroking is typically associated with lower self-identification, and less self-location drift toward the virtual body, compared to synchronous Stroking \[e.g. ([@niw006-B30]; [@niw006-B26]; [@niw006-B41])\]. Thus, during asynchronous Stroking the virtual body is experienced as another person located at a remote location in front, and might merely serve as a visuo-spatial reference in the external world inducing, due to static downward-directed visual gravitational cues, a downward-directed experienced direction of the 1PP and elevated self-location experience \[see [@niw006-B42] for a related proposal\]. Based on our data it remains however unclear how self-identification relates to experienced direction of the 1PP, which will be an important issue to address by future studies ([@niw006-B4]; [@niw006-B51]; [@niw006-B43]; [@niw006-B40]).

Conclusion
==========

Exposing healthy participants to visuo-vestibular gravitational conflicts while inducing the FBI resulted in predictable within-subjects changes of the experienced direction of the 1PP, characterized by an inversion of 180° (downward-directed 1PP experience) with respect to participant's supine body orientation. The present findings corroborate anecdotal data about neurologically-induced changes in the experienced direction of the 1PP and self-location in patients with OBEs and present a novel method that allows testing one of the most enigmatic aspects of BSC: the directedness of human experience as subject.
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